Abstract: This study is the first demonstration of the neuroprotective activity of the marine alga, Spirulina maxima, fermented by Lactobacillus plantarum HY-08, which was freshly isolated from fermented vegetables. The combined process of the fermentation with ultrasonic extraction at 40 kHz for 4 hr greatly increased the amounts of β-carotene in the extract up to 1.62 mg/g, along with a high extraction yield of 18.26%, compared to 1.03 mg/g and 12.8% from ultrasonic extraction itself, and even much higher than 0.81 mg/g and 10.6% from conventional water extraction. It was also proved that the neuroprotective activities of the extract were enhanced possibly by higher contents of β-carotene in the extract, compared to those from water extraction or ultrasonic extraction itself. This extract was found to have strong antioxidant properties, with 49.01% 1,1-diphenyl-2-picrylhydrazyl (DPPH) radical scavenging activity, which resulted in 90.30% neuroprotective activity. Specifically, the fermented extract markedly enhanced the brain-derived neurotrophic factor (BDNF)/p-CREB signaling pathways, which can effectively prevent memory impairment in mice caused by oxidative stress. β-Carotene also increased the expression of p-CREB and BDNF, and a mechanism of their upregulation by β-carotene is first proposed in this study. It can be concluded that the strong neuroprotective effect of the extract was markedly influenced by the antioxidant activities, due to the synergistic effects of high amounts of β-carotene and other biologically active substances in the extract that can be obtained by lactic acid fermentation, combined with ultrasonic processing.
Introduction
Dementia is a degenerative brain disease characterized by a decline in learning, and there is a considerable increase of social interest in its prevention and treatment [1] . In general, the mechanisms underlying the phenomena of the decline in memory and cognitive functions have been understood to be an excessive accumulation of amyloid β protein in the brain [2] . In additions to this, neurological degeneration resulting from nerve cell damage occurring during the decomposition of acetylcholine (ACh) by acetylcholinesterase (AChE) has also been considered to be a major mechanism that is associated with dementia [2, 3] . Prolyl endopeptidase (PEP) is a protease that is known to be highly involved in the generation of amyloid β protein, and it digests proline, and it is one of key neuropeptides in the cerebral cortex of the brain [4, 5] ; therefore, PEP inhibitors have been developed as therapeutic agents to overcome declines in memory and cognitive function. In addition, several
The amount of β-carotene in the S. maxima extracts from the three different processes was analyzed using high-performance liquid chromatography (HPLC, Dionex 3000, Dionex Co., Sunnyvale, CA, USA) with a C 18 column (Jupiter C 18 column, 4.6 × 250 mm, 5 µm, 300 A, 00G-4053-E0, Phenomenex, CA, USA). In the analysis, the mobile phases of solvent A (60% methanol, 10% butanol, 30% water) and solvent B (89.5% methanol, 10% butanol, 0.5% water) were flowed under gradient conditions of 0-8 min (75:25), 8-50 min (90:10), 50-55 min (90:10), 55-57 min (75: 25) , and 57-65 min (75:25) at a flow velocity of 1.0 mL/min, along with a standard β-carotene (C4582, Sigma-Aldrich, St. Louis, MO, USA). The analysis was conducted by simultaneously evaluating the wavelengths 452 nm and 325 nm [17] .
Measurement of the DPPH Free Radical-Scavenging Activity of the Extracts
The antioxidant activity of the extracts was evaluated by measuring α,α-diphenyl-β-picrylhydrazyl (DPPH) free radical-scavenging activity, which is a representative method for measuring the antioxidant activity of the extracts. In a 96-well plate, 200 µL of a 0.1 mM DPPH solution was prepared in ethanol as a solvent, and 80 µL of the sample at various concentrations (0.156, 0.313, 0.625, and 1.250 mg/mL) was added. The mixtures were left unattended in a dark room at 25 • C for 20 min, and the absorbance was then measured at 525 nm. The optical density was measured at 517 nm using a microplate reader (Thermo Fisher Scientific, Waltham, MA, USA). The relevant values were estimated as DPPH radical scavenging activity (%) [23] . 
Measurement of the Neuroprotective Activity of the Extracts
A 3-(4,5-dimethylthiazo-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay was performed to measure the neuroprotective activity of the extracts from the various extraction processes. First, a 96-well plate was inoculated with mouse hippocampus-derived cells (HT22, donated by Prof. Choong Je Ma, Department of Medical Biomaterials Engineering, College of Biomedical Science, Kangwon National University) at a concentration of 1.5 × 10 4 cells/well, and the cells were divided into an experimental group that was treated with glutamate at approximately 80% cell confluency, to induce apoptosis and a second group that was not treated with glutamate. The samples were treated with different concentrations (200 µL per concentration), and the cells were cultivated for 24 hr in a CO 2 incubator. Thereafter, a MTT solution at a concentration of 5 µg/mL was added to each well. The supernatant was removed 4 hr later, 10 µL of acid-isopropanol (0.04 N HCl in isopropanol) was added to each well, and the absorbance was measured at a wavelength of 565 nm using a microplate reader (Tecan, Mannedorf, switzerland). The degree of neuroprotective effect of the extracts was expressed as the relative protection by estimating the ratio of the absorbance of cell growth treated with glutamate alone (control) to the absorbance of cell growth treated with glutamate and the extract [11] .
Determination of the Inhibition of ROS and Ca 2+ Production from HT22 Cells
To measure reactive oxygen species (ROS) activity, the glutamate-induced ROS in HT22 cells was measured using 2 ,7 -dichlorofluorescein diacetate (DCF-DA). The HT22 cells were seeded into Appl. Sci. 2018, 8, 2469 4 of 12 a 48-well plate at a concentration of 4.02 × 10 3 cells/well, cultured at 37 • C for 24 hr, treated with Trolox (positive control) and glutamate, and cultured for an additional 8 hr. Thereafter, the cells were treated with 10 µM DCF-DA, cultured for 1 hr, and treated with 1% Triton X-100. The ROS activity was measured at an excitation wavelength of 488 nm and an emission wavelength of 530 nm using a fluorescence analyzer [24] . Fura-2AM was used to measure calcium ions (Ca 2+ ) in the HT22 cells. After treatment with either the sample, Trolox (positive control), or glutamate, the HT22 cells were treated with 2 µM Fura-2AM before harvesting. Two hours later, the cells were washed with PBS and treated with 1% Triton X-100 before extraction. The calcium ions were measured at an excitation wavelength of 400 nm and an emission wavelength of 535 nm using a calcium ion fluorescence analyzer [24] .
Measurement of Glutathione Peroxidase and Glutathione Reductase Activities via Treatment of the Extracts
First, a 96-well plate was inoculated with HT22 cells at a concentration of 1.5 × 10 4 cells/well. After incubation, 1, 10, and 100 µg/mL of sample and Trolox (50 µM) were added to the cells and incubated for 1 hr, followed by treatment with 2 mM glutamate. To measure the glutathione peroxidase activity, 100 µL/mL of the reaction mixture was well mixed with 500 µL of 0.1 M potassium phosphate buffer (pH 7.0) and 100 µL of 0.24 U glutathione, allowed to incubate for 10 min at 37 • C, and treated with 100 µL of 1.5 mM Nicotinamide Adenine Dinucleotide Phosphate Hydrogen (NADPH). The peroxide-independent consumption of NADPH was then measured at 340 nm for 1 min using a spectrophotometer. Next, 1 mM potassium cyanide and 100 µL of 1.5 mM hydrogen peroxide were added to inhibit the catalase activity. The peroxide-independent NADPH concentration was determined by measuring the decrement of peroxide for 3 min to assess the enzyme activity. The enzyme activity of glutathione was measured at 412 nm after adding 1 mM NADPH to 1.0 mL of a solution containing 100 µg of the sample, 0.1 M sodium phosphate buffer (pH 7.6), 1 mM EDTA, 1 mM GSSG and 0.6 mM 5,5 -dithiobis-2-nitrobenzoic acid (DTNB). The activity of glutathione reductase was also measured by calculating the ratio of the production of 2-nitro-3-thiobenzoic acid from DTNB during the reduction of glutathione [25, 26] . Proteins were quantitated from HT22 cells that had been treated with the extracts, and the proteins were separated by electrophoresis on a 12% polyacrylamide gel, and transferred to a polyvinylidene fluoride (PVDF) membrane. The membrane was blocked with 5% skim milk solution for 1 h, and incubated with primary antibodies BDNF (SC-546, Santa Cruz Biotechnology, Dallas, TX, USA), p-CREB (SC-81486, Santa Cruz Biotechnology, Dallas, TX, USA) at 4 • C for 24 hr. The membrane was then washed three times using TBST (Tris-buffered saline with 0.1% , and incubated with the secondary antibody at room temperature for 1 hr. The separated proteins were observed using an LAS 4000 mini system (GE Healthcare, Richmond, VA, USA) [27, 28] .
Statistical Analysis
The data are expressed as the mean ± SD (standard deviation), and the mean is the average of five test results per experiment. The data were analyzed using Student's t-test (SAS 9.1, SAS, Cary, NC, USA). The data were also analyzed by the one-way analysis of variance (ANOVA) test, and the mean values were considered to be significantly different at p < 0.01, p < 0.05 and p < 0.1.
Results

Extraction Yield and β-Carotene Content of the Extracts
HPLC analysis exhibited the highest β-carotene content in the S. maxima fermentation products. The concentrations of β-carotene in individual processes were analyzed, and the results are presented in Table 1 and Figure 1 . To identify the enhancement of the β-carotene content in the S. maxima extracts, three different extraction processes (ultrasonic, conventional hot water, and fermentation process with ultrasonic extraction processes) were compared and analyzed. The β-carotene content of the S. maxima fermentation products was estimated as 1.62 mg/g, and the lowest β-carotene content at 0.81 mg/g was observed in the hot water extract. A β-carotene content of 1.03 mg/g was obtained when only the ultrasonic process was applied, as well as 0.06 mg/g of negligible amount of β-carotene in the culture broth of only the fermentation as another control (data not shown). This result clearly indicate that a larger quantity of β-carotene was eluted through the fermentation with ultrasonic processing, possibly by first softening the cell walls of Spirulina, and bioconversion during the fermentation and then accelerating the elution of β-carotene in applying ultrasonic treatment. The highest extraction yield, at approximately 18.26%, was obtained from the S. maxima fermentation products, and the lowest yield (10.66%) was obtained from hot water extraction, showing similar trends in the amount of β-carotene in the extracts. Interestingly, the HPLC chromatogram of the extract from both fermentation and ultrasonic extraction contained more small peaks, which could represent the To identify the enhancement of the β-carotene content in the S. maxima extracts, three different extraction processes (ultrasonic, conventional hot water, and fermentation process with ultrasonic extraction processes) were compared and analyzed. The β-carotene content of the S. maxima fermentation products was estimated as 1.62 mg/g, and the lowest β-carotene content at 0.81 mg/g was observed in the hot water extract. A β-carotene content of 1.03 mg/g was obtained when only the ultrasonic process was applied, as well as 0.06 mg/g of negligible amount of β-carotene in the culture broth of only the fermentation as another control (data not shown). This result clearly indicate that a larger quantity of β-carotene was eluted through the fermentation with ultrasonic processing, possibly by first softening the cell walls of Spirulina, and bioconversion during the fermentation and then accelerating the elution of β-carotene in applying ultrasonic treatment. The highest extraction yield, at approximately 18.26%, was obtained from the S. maxima fermentation products, and the lowest yield (10.66%) was obtained from hot water extraction, showing similar trends in the amount of β-carotene in the extracts. Interestingly, the HPLC chromatogram of the extract from both fermentation and ultrasonic extraction contained more small peaks, which could represent the existence of other components in the extracts that are associated with the highest extraction yield. Therefore, it was shown that the fermentation extraction process was effective in processing the marine alga, S. maxima.
Comparison of Antioxidant and Neuroprotective Activities of β-Carotene and the Fermented S. maxima Extract
To identify the antioxidant effects of the S. maxima fermentation products based on the above results, the DPPH activities were measured, and the results are presented in Figure 2 . In the case of the hot water extract and ultrasonicated extracts, the highest DPPH free radical scavenging activity (approximately 31.98% and 35.12%, respectively) were observed at the highest concentration of 1.0 mg/mL. On the other hand, the S. maxima fermentation products showed a DPPH free radical scavenging activity of approximately 49.01% at the same dosage, indicating that the S. maxima fermentation products exhibited the highest antioxidant activity. Therefore, the neuroprotective activities were measured based on the excellent antioxidant effect of the S. maxima fermentation products analyzed, as described above. existence of other components in the extracts that are associated with the highest extraction yield. Therefore, it was shown that the fermentation extraction process was effective in processing the marine alga, S. maxima.
To identify the antioxidant effects of the S. maxima fermentation products based on the above results, the DPPH activities were measured, and the results are presented in Figure 2 . In the case of the hot water extract and ultrasonicated extracts, the highest DPPH free radical scavenging activity (approximately 31.98% and 35.12%, respectively) were observed at the highest concentration of 1.0 mg/mL. On the other hand, the S. maxima fermentation products showed a DPPH free radical scavenging activity of approximately 49.01% at the same dosage, indicating that the S. maxima fermentation products exhibited the highest antioxidant activity. Therefore, the neuroprotective activities were measured based on the excellent antioxidant effect of the S. maxima fermentation products analyzed, as described above. The neuroprotective activities were compared and analyzed in the HT22 cells. The results are presented in Figure 3 .
existence of other components in the extracts that are associated with the highest extraction yield. Therefore, it was shown that the fermentation extraction process was effective in processing the marine alga, S. maxima.
To identify the antioxidant effects of the S. maxima fermentation products based on the above results, the DPPH activities were measured, and the results are presented in Figure 2 . In the case of the hot water extract and ultrasonicated extracts, the highest DPPH free radical scavenging activity (approximately 31.98% and 35.12%, respectively) were observed at the highest concentration of 1.0 mg/mL. On the other hand, the S. maxima fermentation products showed a DPPH free radical scavenging activity of approximately 49.01% at the same dosage, indicating that the S. maxima fermentation products exhibited the highest antioxidant activity. Therefore, the neuroprotective activities were measured based on the excellent antioxidant effect of the S. maxima fermentation products analyzed, as described above. The neuroprotective activities were measured in HT22 cells treated with glutamate under the extraction conditions of 12 hr at 100 • C, which is a hot water extraction process, and these results indicated neuroprotective activities of 70.10%, 72.39%, and 72.60% in treating 1 µg/mL,
10 µg/mL, and 100 µg/mL of the WE, respectively. In the case of the S. maxima fermentation products, the neuroprotective activities in the glutamate-treated HT22 cells were shown to be 75.84%, 84.33%, and 90.30%, depending on the treatment concentrations, and in the case of the ultrasonicated extracts, the neuroprotective activities were shown to be 72.30%, 77.60%, and 80.12%, depending on the treatment concentrations. The fermented extracts exhibited markedly increased neuroprotective activities compared to those of the S. maxima extracts obtained through conventional extraction methods. In particular, the result of treatment of the glutamate-treated HT22 cells with β-carotene from S. maxima at a concentration of 1 µg/mL, showed a high neuroprotective activity of approximately 82.96%, indicating that the β-carotene contained in the S. maxima directly affected the neuroprotective activity.
Neuroprotective Effects of the Fermented S. maxima Extract against Brain Oxidative Stress
The results of the ROS formation inhibitory activity of the S. maxima fermentation products are presented in Figure 4 .
activities of 70.10%, 72.39%, and 72.60% in treating 1 μg/mL, 10 μg/mL, and 100 μg/mL of the WE, respectively. In the case of the S. maxima fermentation products, the neuroprotective activities in the glutamate-treated HT22 cells were shown to be 75.84%, 84.33%, and 90.30%, depending on the treatment concentrations, and in the case of the ultrasonicated extracts, the neuroprotective activities were shown to be 72.30%, 77.60%, and 80.12%, depending on the treatment concentrations. The fermented extracts exhibited markedly increased neuroprotective activities compared to those of the S. maxima extracts obtained through conventional extraction methods. In particular, the result of treatment of the glutamate-treated HT22 cells with β-carotene from S. maxima at a concentration of 1 µ g/mL, showed a high neuroprotective activity of approximately 82.96%, indicating that the β-carotene contained in the S. maxima directly affected the neuroprotective activity.
The results of the ROS formation inhibitory activity of the S. maxima fermentation products are presented in Figure 4 . In the case of the S. maxima fermentation products, as the concentration increased, the ROS activity was significantly inhibited from 170.96%, to 149.27% and 123.26%. In the case of β-carotene, the ROS activity was significantly inhibited to 138.59% when 1 μg/mL β-carotene was administered. The levels of glutathione, glutathione reductase, and glutathione peroxidase, which inhibit ROS formation, are presented in Table 2 . In the case of the S. maxima fermentation products, as the concentration increased, the ROS activity was significantly inhibited from 170.96%, to 149.27% and 123.26%. In the case of β-carotene, the ROS activity was significantly inhibited to 138.59% when 1 µg/mL β-carotene was administered. The levels of glutathione, glutathione reductase, and glutathione peroxidase, which inhibit ROS formation, are presented in Table 2 . According to the results in Table 2 , when treating the S. maxima fermentation extracts along with 2 mM of glutamate, the production of glutathione was significantly increased from 51.02% to 63.76% and 80.38% as the treatment dosages were increased, and even similarly, to 91.88% from treatment with a strong antioxidant, Trolox, as a positive control. However, in the case of treating 1 µg/mL of β-carotene, its activity was observed to be approximately 47.73%, which was lower than that of treating 1 µg/mL of the fermented extract. In addition to the production of glutathione, the enzyme activities of both glutathione reductase and glutathione peroxidase were also significantly increased as the concentrations of the S. maxima fermentation products increased. These results strongly support our data that the fermented extracts have good antioxidant activities, which can work to improve the enzyme activities that are associated with the glutathione production pathway. Therefore, this sequential process represents antioxidant recovery reaction in memory-impaired brain systems. The measurements of the intracellular Ca 2+ concentration, which induce ROS activity within the cells, are shown in Figure 5 .
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According to the results in Table 2 , when treating the S. maxima fermentation extracts along with 2 mM of glutamate, the production of glutathione was significantly increased from 51.02% to 63.76% and 80.38% as the treatment dosages were increased, and even similarly, to 91.88% from treatment with a strong antioxidant, Trolox, as a positive control. However, in the case of treating 1 μg/mL of β-carotene, its activity was observed to be approximately 47.73%, which was lower than that of treating 1 μg/mL of the fermented extract. In addition to the production of glutathione, the enzyme activities of both glutathione reductase and glutathione peroxidase were also significantly increased as the concentrations of the S. maxima fermentation products increased. These results strongly support our data that the fermented extracts have good antioxidant activities, which can work to improve the enzyme activities that are associated with the glutathione production pathway. Therefore, this sequential process represents antioxidant recovery reaction in memory-impaired brain systems. The measurements of the intracellular Ca 2+ concentration, which induce ROS activity within the cells, are shown in Figure 5 . Upon treating the S. maxima fermentation products, the calcium concentration significantly decreased, from 138.98% to 122.85% and 112.63%, as the concentration of the S. maxima fermentation products increased. The effect of β-carotene in reducing the calcium concentration was approximately 113.93%, which was close to the effect of treating 100 μg/mL of the fermented extract.
Enhancement of BDNF/p-CREB Signaling Pathways in Glutamate-Induced, Oxidatively Stressed HT22 Cells with the Fermented S. maxima Extract
The results of the measurement of the BDNF/p-CREB signaling pathway of BDNF and the parent transcription factor p-CREB from the S. maxima fermentation are presented in Figure 6 .
According to the results, the BDNF expression levels in the experimental group treated with the S. maxima fermentation products increased to 0.91. In addition, the BDNF expression levels in the experimental group treated with β-carotene increased to 0.85. The p-CREB expression levels in the experimental group treated with the S. maxima fermentation products increased to 1.22. Therefore, to accurately measure the induction of the signaling pathways by the S. maxima fermentation products, according to the gene expression, the BDNF/p-CREB expression ratio was measured. The results are presented in Table 3 . The p-CREB/BDNF expression ratio was determined to be approximately 1.338, indicating that the p-CREB expression was higher. Upon treating the S. maxima fermentation products, the calcium concentration significantly decreased, from 138.98% to 122.85% and 112.63%, as the concentration of the S. maxima fermentation products increased. The effect of β-carotene in reducing the calcium concentration was approximately 113.93%, which was close to the effect of treating 100 µg/mL of the fermented extract.
According to the results, the BDNF expression levels in the experimental group treated with the S. maxima fermentation products increased to 0.91. In addition, the BDNF expression levels in the experimental group treated with β-carotene increased to 0.85. The p-CREB expression levels in the experimental group treated with the S. maxima fermentation products increased to 1.22. Therefore, to accurately measure the induction of the signaling pathways by the S. maxima fermentation products, according to the gene expression, the BDNF/p-CREB expression ratio was measured. The results are presented in Table 3 . The p-CREB/BDNF expression ratio was determined to be approximately 1.338, indicating that the p-CREB expression was higher. Table 3 . Effect of neuroprotective activities of fermented Spirulina maxima on the BDNF/p-CREB expression ratio in HT22 cells.
Extraction Process p-CREB/BDNF Expression Ratio
FE 1 1.338 β-carotene 1.055 Figure 6 . (a) Brain-derived neurotrophic factor (BDNF) and (b) p-CREB expression levels from fermented Spirulina maxima after glutamate-induced ROS production in HT22 cells. 
Discussion
Among the many biologically active substances in S. maxima, β-carotene was selected and analyzed for content determination in the extracts of S. maxima from various extraction processes because it is known to be effective for improving cognitive ability and memory [29] . Although a fatsoluble β-carotene is normally extracted using an organic solvent such as methanol, ethanol, or acetone, water should be used in this case, as organic solvents are not suitable for use in fermentation [30] . Therefore, the concentrations of β-carotene in the extracts processed with only hot water and from ultrasonic extraction with water solvent should also be measured as controls, to compare with those from a combined process of fermentation and ultrasonic extraction [17] . The result of this work proved this combined process is effective in eluting β-carotene with water solvent. These are considered to be the first convincing results where an increase of β-carotene content from S. maxima was observed by using a combination of lactic acid fermentation and ultrasonic extraction with only water solvents, which is critically important in industrial applications, although previous reports have indicated that the β-carotene content and the content of the indicator components in natural products could be increased through fermentation [31] . It was also clearly shown that the highest antioxidant activity exhibited in the fermentation extracts can be attributed to the highest β-carotene content in the extracts from a combined process compared to the other extracts, because β-carotene has mainly worked on strong antioxidant effects in the extracts β-carotene from various processes [29, 32, 33] . Also, from previous reports of the function of β-carotene, such as a high neuroprotective activity [29, 34] , the above results strongly indicate that the extract with high amounts of β-carotene could be expected to improve cognitive function and memory. More interestingly, the neuroprotective activities of the extracts that contained lower amounts of β-carotene performed better than when treating with pure β-carotene, possibly due to the synergistic effects between the β-carotene and other biologically active substances, along with the high extraction yield. Similar results were also shown in other works [35] . However, more detailed experiments investigating these effects are required. 
Among the many biologically active substances in S. maxima, β-carotene was selected and analyzed for content determination in the extracts of S. maxima from various extraction processes because it is known to be effective for improving cognitive ability and memory [29] . Although a fat-soluble β-carotene is normally extracted using an organic solvent such as methanol, ethanol, or acetone, water should be used in this case, as organic solvents are not suitable for use in fermentation [30] . Therefore, the concentrations of β-carotene in the extracts processed with only hot water and from ultrasonic extraction with water solvent should also be measured as controls, to compare with those from a combined process of fermentation and ultrasonic extraction [17] . The result of this work proved this combined process is effective in eluting β-carotene with water solvent. These are considered to be the first convincing results where an increase of β-carotene content from S. maxima was observed by using a combination of lactic acid fermentation and ultrasonic extraction with only water solvents, which is critically important in industrial applications, although previous reports have indicated that the β-carotene content and the content of the indicator components in natural products could be increased through fermentation [31] . It was also clearly shown that the highest antioxidant activity exhibited in the fermentation extracts can be attributed to the highest β-carotene content in the extracts from a combined process compared to the other extracts, because β-carotene has mainly worked on strong antioxidant effects in the extracts β-carotene from various processes [29, 32, 33] . Also, from previous reports of the function of β-carotene, such as a high neuroprotective activity [29, 34] , the above results strongly indicate that the extract with high amounts of β-carotene could be expected to improve cognitive function and memory. More interestingly, the neuroprotective activities of the extracts that contained lower amounts of β-carotene performed better than when treating with pure β-carotene, possibly due to the synergistic effects between the β-carotene and other biologically active substances, along with the high extraction yield. Similar results were also shown in other works [35] . However, more detailed experiments investigating these effects are required.
β-carotene is known to be a potent antioxidant, and its strong antioxidant activity is known to be effective for ischemia treatment and neuroprotective activity [27, 29, 30] , which can result in neuroprotective effects of S. maxima. These features are considered to be the reasons for the high neuroprotective activity observed above [29, 34] . Since the fermentation extracts and β-carotene showed high neuroprotective activity in the above results, it is possible to expect the correlation between the activities against oxidative stress and the neuroprotective activity, which can derive a neuroprotective mechanism that is associated with antioxidant activities, whose mechanism was also proposed in other works [25, 35, 36] . To confirm this hypothesis, the reduction of ROS production was also observed in this work, because this treatment induces oxidative damage, Ca 2+ ions induce ROS activity, and Glutathione (GSH) inhibits ROS formation [36] . Therefore, this clearly proved that that such high ROS activity and Ca 2+ concentration still led to a reduced oxidative stress in the fermentation extract is considered to be attributable to the high β-carotene content. Based on such a strong antioxidant effect, S. maxima fermentation products are considered to be effective for diverse chronic degenerative brain diseases such as Alzheimer's disease, Parkinson's disease, Huntington's disease, and stroke [29, 30, 36] . With regard to the BDNF/p-CREB signaling pathway for neuroprotective and memory enhancement activities, BDNF is known to produce new neurites to reinforce connections among nerve cells, and increase the number of connections to improve abilities. cAMP-responsive element-binding protein (p-CREB) is a gene required in the process of learning and memorizing, and it is known to act as a parent transcription factor for BDNF expression [37] . On the other hand, β-carotene has been reported to amplify the expression of genes such as BDNF to improve depression [27] . In particular, the increase in the expression of BDNF was proven for the first time with memory improvement using β-carotene. The p-CREB/BDNF expression ratio was 1.055, indicating that the expression of BDNF was more strongly upregulated than p-CREB, indicating that the extract has memory-improving effects, mainly by boosting up the production of BDNF, compared to the phosphorylation of CREB, and similar results were also reported elsewhere [37] . Therefore, by combining fermentation and an ultrasonic extraction process, the S. maxima extracts were proven to positively affect the memory-improving activity because they increased the expression of the parent transcription factor (p-CREB) and exhibited antioxidant effects, thereby increasing the expression of brain-derived neurotrophic factor (BDNF).
Conclusions
This study clearly showed, for the first time, that the extraction yield of β-carotene in the extracts of S. maxima was significantly increased by combining lactic acid fermentation with a nonthermal ultrasonic extraction process, using water as a solvent. This study was also the first to prove that the increase of β-carotene content in the extracts greatly enhances its neuroprotective effects by efficiently suppressing the production of ROS and intracellular calcium ions in glutamate-induced HT22 cells, in addition to enhancing glutathione synthesis enzyme activity. The overall neuroprotective effects of the extract from a combined process were considered to be strongly correlated with its strong antioxidant activities. The effects of this extract were more pronounced than those of intact Spirulina sp. or of extracts from other conventional extraction processes, such as water or ethanol extraction, possibly due to the lower yields of β-carotene in these other processes. This study also reported in detail that neuroprotective mechanisms of the extract effectively suppressed oxidative stress by the cascading effects of an initial increase in the expression of the parent transcription factor p-CREB, along with antioxidant effects, and then an induction of the expression of BDNF. A similar mechanism of β-carotene was determined to explain its neuroprotective effects, even though in general, its activities were lower than those of the extracts, due to the synergistic effects of the extract from the combined process, rather than the effect of β-carotene as a single component. Conclusively, the S. maxima extract from both fermentation and ultrasonic extraction processes exhibited a strong neuroprotective effect mainly caused by suppressing oxidative stress via markedly inducing the brain antioxidative pathway of BDNF/p-CREB expression in glutamate-induced HT22 cells. It was additionally revealed that the effects of the extract were closely correlated with the synergistic effects from β-carotene and other biologically active components in the extract. Therefore, the results of this work could provide useful information for upgrading the biological activities of natural resources by employing nonthermal processes of fermentation and ultrasonic extraction. 
